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A single nitrogen vacancy (NV) center spin in diamond with long coherence is crucial for quantum
computation and quantum information science. However, strong coupling between single NV spins is
still a challenge. Here we propose a fantastic approach to greatly enchance the interaction bwtween
two single NV spins in diamond weakly coupled to an electromechanical cavity. Due to the presence
of a critical point for the electromechanical subsystem, the coupling between a single NV spin and
the high-frequency hybrid mode (HM) (that is formed by the mechanical and cavity modes) is
completely suppressed, while the coupling between the single NV spin and the low-frequency HM
is largely strengthened. Thus, ac Stark shift of the single NV spin can be measured. Taking low-
frequency HM as a quantum bus, the strong coupling between two single NV centers is induced.
This coupling ensures quantum information exchange between two spin qubits. Our proposal may
provide a way to probe spin qubit states and perform HM-mediated quantum information processing
with single spin qubits in weakly coupled spin-cavity elecromechanical systems.
Introduction.—A nitrogen vacancy (NV) center spin in
diamond [1, 2], with long coherence time [3–5] and high
tunability [2], is regarded as a promising candidate in
quantum information processing and quantum computa-
tion [6, 7]. However, direct spin-spin magnetic interac-
tion is usually very weak to limit quantum information
exchange [8–10]. One popular method to overcome this
drawback is the use of an ensemble containing a large
number of NV center spins [11–14]. Thus, the coupling
strength between NV spin ensembles can be efficiently
enhanced [15–17]. However, it is difficult for the ensem-
ble to implement direct single-qubit manipulation and
the coherence time also is greatly shortened due to the
inhomogeneous broadening [18–20]. The other potential
approach is to couple NV spins to nanomechanical res-
onator [21–34], in which the required strong magnetic
gradient remains challenging experimentally [21, 27] and
the strain force is inheretly tiny [32, 33]. Besides, inter-
acting spins with squeezed photons to improve coupling
strength is also employed [35–37], where external noises
may be introduced to the considered systems. Therefore,
seeking an alternative strategy to realize strong coupling
between single NV spins is longed for.
Recently, optomechanical and electromechanical sys-
tems have attracted great interest in testing macroscopic
quantum physics properties as well as appealing applica-
tions in quantum information science [38–44]. With re-
markable progresses in experiments [45–53], we propose
an experimentally accessible proposal to realize strong
spin-spin coupling in a hybrid electromechanical cavity-
spin system, where the single NV spin is weakly coupled
to the cavity field. Applying a strong driving field to
the cavity, two hybrid modes (HMs) arising from the lin-
earized strong coupling between the cavity and mechani-
cal modes are generated, namely, the high-frequency and
low-frequency HMs. By tuning the linearized electrome-
chanical coupling strength to a certain value (i.e., a crit-
ical point) via varying the driving field, the electrome-
chanical subsystem enters the critical regime. When op-
erating the considered hybrid system at the vicinity of
this critical point, the coupling between the single NV
spin and the high-frequency HM is totally suppressed
when the cavity frequency detuning from the driving
field is much larger than that of mechanical resonator.
While the coupling strength between the NV spin and
the low-frequency HM is greatly enhanced by more than
three orders of magnitude of the spin-cavity coupling.
This strong coupling allows for measurement of ac Stark
shift of a single spin. Taking the low-frequency HM as a
quantum bus, strong spin-spin coupling is induced. The
results indicate that weakly coupled electromechanical
cavity-spin hybrid systems allow for probing spin qubit
states and performing HM-mediated quantum informa-
tion processing with single spin qubits.
Model—We consider a hybrid quantum system consists
of a single NV spin weakly coupled to an electromechan-
ical cavity such as a coplanar waveguide resonator [see
Fig.1(a)], where the NV spin in diamond with a spin
S = 1 triplet ground state [see Fig.1(b)] is located at the
d distance away from the central conductor of the cavity.
The Hamiltonian of the hybrid quantum system can be
written as (setting ~ = 1)
HT = HNV +HEM +HI +HD, (1)
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FIG. 1. (Color online) (a) The schematic diagram of the pro-
posed hybrid system. The single NV center spin is weakly
coupled to an electromechanical cavity and is located at dis-
tance d away from the central conductor. The NV spin is
driven by a microwave field via microwave antenna, and the
cavity is driven by a strong driving field; (b) The level struc-
ture of the triplet ground state S = 1. D is zero-field split-
ting and Bex is an external field to lift the degenerate state
ms = ±1. The lowest two sublevels ms = 0 and ms = −1 act
as a two-level system in our proposal; (c) The frequencies of
the hybrid modes, generated by the strong coupling between
the cavity and the mechanical modes, versus the multi-photon
electromechanical coupling strength in unit of the mechanical
frequency.
where HNV =
1
2ωNVσz with the transition frequency
ωNV = D − geµBBex between the lowest two levels of
the triplet ground state for the NV spin. D ≈ 2.87 GHz
is the zero-field splitting, ge = 2 is the Lande´ factor,
µB = 14 MHz mT
−1 is the Bohr magneton, and Bex is
the external magnetic along the crystalline axis of the
NV spin to lift the near-degenerate states |ms = ±1〉.
The second term HEM = ωaa
†a+ ωmb†b− g0a†a(b+ b†)
denotes the Hamiltonian of the electromechanical sys-
tem [54], where ωa is the frequency of the cavity mode
when the mechanical resonator is at its equilibrium po-
sition, and ωm is the frequency of the mechanical mode.
g0 is the single-photon coupling strength between the
cavity mode and the mechanical mode. Experimen-
tally, g0 < κ. The third term HI describes the mag-
netic coupling between the single NV spin and the cav-
ity field. Under rotating wave approximation, it takes
HI = λ(a
†σ− + aσ+) with λ = 2geµBB0,rms(d) [55],
where B0,rms(d) = µ0Irms/2pid with µ0 being the perme-
ability of vacuum and Irms =
√
h¯ωa/2La the root mean
square current flowing through the cavity resonator for
the cavity mode in its ground state. To estimate the value
of λ, ωa ∼ 2pi × 6 GHz and La ∼ 2 nH are chosen [56],
d ∼ 50 µm gives rise to ∼ 2pi × 70 Hz. For d ∼ 50 nm,
λ ∼ 2pi × 7 KHz. Obviously, the estimated cavity-spin
coupling strength is smaller than the typical decay rate
of the cavity with the gigahertz frequency and quality
factor Q ∼ 3 × 104 [56, 57], i.e., λ < κ = ωa/Q ∼ 1
MHz. This indicates here that the cavity-spin coupling
is in the weak-coupling regime. The last term HD =
iεd[a
† exp(−iωdt) − a exp(iωdt)] − εNV[σ+ exp(−iωdt) +
σ− exp(iωdt)] denotes the driving fields acting on the cav-
ity mode and the two-level NV spin. Due to the large
εd, the single-photon electromechanical coupling strength
can be amplified toG = g0
√
N > κ, whereN = |a¯|2 is the
intracavity mean photon number. This amplification pro-
cess can be achieved by writting a→ a¯+a and b→ b¯+b,
where a¯ = εd/(i∆a + κ) and b¯ = ig0|a¯|2/(iωm + γ) are
the steady state values of the operators a and b, respec-
tively. ∆a = ωa − ωd − g0(b¯ + b¯∗) is the effectvie fre-
quency of the cavity mode and γ is the decay rate of the
mechanical mode. As the driving field acting on the cav-
ity field will indirectly cause the NV spin oscillating, an
additional microwave field with the frequency ωd and the
amplitude εNV is applied to the NV spin [see Fig.1(a)]
via microwave antenna, leading to the spin oscillating
cancelled. Then the linearized Hamiltonian of the hybrid
elecromechanical cavity-spin system can be described by
(see the Supplemental Material [58])
Hlin =
1
2
∆NVσz +HLEM + λ(a
†σ− + aσ+), (2)
where HLEM = ∆aa
†a+ωmb†b−G(a+ a†)(b+ b†) is the
linearized Hamiltonian of the electromechanical subsys-
tem. ∆NV = ωNV − ωd is the frequency detuning of the
NV spin from the cavity driving field.
Strong coupling between the single NV spin and the
low-frequency HM—Assisted by the strong external driv-
ing field, the mechanical mode can strongly couple to the
cavity mode via the linearized electromechanical coupling
strength G, giving rise to two HMs with eigenfrequencies
ω2± =
1
2
(
∆2a + ω
2
m ±
√
(∆2a − ω2m)2 + 16G2∆aωm
)
, (3)
where ω+ and ω− respectively correspond to the high-
and the low-frequency HMs. The eigenfrequencies of the
HMs can be directly obtained by diagonalizing the lin-
earized Hamitonian HLEM of the electromechanical sub-
system in Hamiltonian (2) (see the Supplemental Mate-
rial [58] for details). Using the eigenvectors of the HMs,
Eq. (2) becomes
H =1
2
∆NVσz + ω+a
†
+a+ + ω−a
†
−a−
+ λ+(a
†
−σ− + a−σ+) + λ−(a
†
−σ+ + a−σ−)
+ η+(a
†
+σ− + a+σ+) + η−(a
†
+σ+ + a+σ−), (4)
where λ± = λ cos θ(∆a ± ω−)/2
√
∆aω− denotes the ef-
fective coupling strength between the NV spin and the
3FIG. 2. (Color online) Coupling strengths between the NV
spin and the high- and low-frequency HMs versus the di-
mensionless parameters (Gc − G)/ωm and ω−/∆a. Here
∆a/ωm = 1 in both panels (a) and (c), and ∆a/ωm = 10
in both panels (b) and (d).
low-frequency HM, and η± = λ sin θ(∆a±ω+)/2
√
∆aω+
denotesthe effective coupling strength between the NV
spin and the high-frequency HM. The parameter θ is de-
fined as tan 2θ = 4G
√
∆aωm/(∆
2
a − ω2m). Therefore, λ±
and η± are all tuned by the cavity driving field. From
Eq. (3), ω+ increases with increasing the linearized elec-
tromechanical coupling strength G, but ω− decreases [see
Fig. 1(c)]. Especially when G reaches a critical value,
G =
1
2
√
∆aωm ≡ Gc, (5)
the frequency of the low-frequency HM vanishes [see the
red point in Fig. 1(c)]. This gives rise to a critical phe-
nomenon [59]. When G < Gc (or ω
2
− > 0), the low-
frequency HM plays the role of a simple harmonic oscil-
lator. With G approaching to Gc, the potential of the
low-frequency HM becomes more and more flatten. In
particular, the low-frequency HM vanishes and equiv-
alently is regarded as a free particle when G = Gc
(or ω2− = 0). When G > Gc (or ω
2
− < 0), the low-
frequency HM becomes unstable. In this letter, we focus
our study at the vicinity of the critical point (G = Gc).
At this point, the cosine and sine functions defined in
Eq. (4) respectively reduce to cos2 θ = ∆2a/(∆
2
a + ω
2
m)
and sin2 θ = ω2m/(∆
2
a+ω
2
m). It is not difficult to find that
cos θ → 1 and sin θ → 0 when the condition ∆a  ωm
is satisfied. This condition can be easily achieved ex-
perimetally by tuning the frequency of the cavity driving
field. Under the condition ∆a  ωm, ω+ in Eq. (3) ap-
proches to ∆a at G = Gc. Then the NV spin is decoupled
from the high-frequency HM, i.e., η± → 0, while the cou-
pling between the single NV spin and the low-frequency
HM is greatly enhanced, i.e., λ± → λ2
√
∆a/ω−, due to
the extremely small value of ω−. In Fig. 2, we plot the
coupling strengths between the NV spin and the high-
and low-frquency HMs versus the dimensionless parame-
ter (Gc−G)/ωm and ω−/∆a with ∆a/ωm = 1, 10. When
G → Gc or ω− → 0, the coupling between the NV
spin and the low-frequency HM can extremely strong [see
Figs. 2(a) and (c)]. With increasing the value of ∆a, λ±
can be further improved [see Figs. 2(b) and (d)]. In prin-
ciple, ω− can be very close to zero and the detuning ∆a
can be large enough. These may lead to λ± enters the
strong-coupling regime (i.e., λ± ≥ κ), which allows co-
herently exchange quantum information betweem the sin-
gle NV center and the low-frequency HM. In this regime,
rotating wave approximation is valid, so the counter ro-
tating term related to the coupling strength λ− in Eq.
(4) can be safely ignored. At the vicinity of the critical
point G = Gc and ∆a  ωm, the Hamiltonian in Eq. (2)
reduces to the Janes-Cumming model Hamiltonian (see
the Supplemental Material [58]),
HJC =1
2
∆NVσz + ω−a
†
−a− + λ+(a
†
−σ− + a−σ+), (6)
which discirbes the interaction between the single NV
spin and the low-frequency HM. To estimate λ+, we
choose ∆a = 10
6ω−, then λ+/λ = 0.5 × 103, which
indicates that λ+ can be approximately enhanced by
three orders of magnitude of λ using our hybrid systems.
Specifically, using λ = 2pi×7 KHz estimated above when
d = 50nm, λ+ can take ∼ 2pi×3.5 MHz, which is compa-
rable with the decay rate of gigahertz cavity with quality
factor∼ 104. This indicates that the coupling between
the NV spin and the low-frequency HM enters the strong-
coupling regime. Theoretically, the value of λ+ can be
larger than 2pi × 3.5 MHz due to extremely small ω−.
The low-frequency HM mediated strong coupling be-
tween two single NV centers—We consider two separated
same NV center spins coupled to the cavity mode with
coupling strengths λ
(1)
+ and λ
(2)
+ . Based on the above
analysis, the effective system can be desciribed as two
separated NV spins strongly coupled to the same low-
frequency HM. Thus, the low-frequency HM can act as a
quantum interface to induce a strong spin-spin coupling
in the dispersive regime, i.e., ζ1 = λ
(1)
+ /|∆(1)NV − ω− =
δ1|  1 and ζ2 = λ(2)+ /|∆(2)NV−ω− = δ2|  1, where ∆(1)NV
and ∆
(2)
NV denotes transition frquencies of two NV spins.
Using the Fro¨hlich-Nakajima transformation [60–62], the
effective spin-spin Hamiltonian can be governed by (see
the Supplemental Material [58])
Heff = 1
2
∆
(1)
eff σ
(1)
z +
1
2
∆
(2)
eff σ
(2)
z + geff(σ
(1)
+ σ
(2)
− + σ
(1)
− σ
(2)
+ ),
(7)
where ∆
(1)
eff = ∆
(1)
NV +λ
(1)
+ ζ1(1 + 2Npl) and ∆
(2)
eff = ∆
(2)
NV +
λ
(2)
+ ζ2(1 + 2Npl) are respectively the effective frequencies
of two NV spins induced by the low-frequency HM, de-
pending on the mean photon-like number (Npl = 〈a†−a−〉)
4excited in the low-frequency HM. geff =
1
2 (λ
(1)
+ ζ2+λ
(2)
+ ζ1)
is the effective spin-spin coupling strength induced by the
low-frequency HM. This coupling may allow quantum in-
formation exchange between two separated NV spin when
it is in the strong-coupling regime. Below we give an
estimation on this effective coupling strength geff . For
convenience but without loss of generality, we assume
λ
(1)
+ = λ
(2)
+ = λ+ = 2pi × 3.5 MHz for d = 50 nm and
δ1 = δ2 = 2pi × 35 MHz, which leads to geff = 2pi × 350
KHz∼ 2.2 MHz. Obviously, this value is comparable with
the decay rate of the gigahertz microwave cavities with
quality factor Q = 104. Moreover, the microwave cavity
with higher quality factor (Q = 105) has been fabricated
experimentally [63]. Therefore, we claim that the effec-
tive spin-spin coupling can be steered into the strong-
coupling regime.
Applications—Firstly, we show that our setup allows
for quantum information exchange not only between the
single NV spin and the low-frequency HM with taking its
decay rate into account, but also between two separated
NV spins via the low-frequency HM. The dynamics of the
low-frequency HM-spin system and the spin-spin system
can be governed by the master equation
dρ
dt
=− i[uHJC + vHeff , ρ]
+ κuD[a−]ρ+ γD[σ(1)z + vσ(2)z ]ρ, (8)
where D[o]ρ = oρo†− 12 (o†oρ+ρo†o) for a given operator
o. Note that Eq. (8) respectively represent the dynamics
of the systems described by Eqs. (6) and (7) for (u, v) =
(1, 0) and (0, 1). γ in Eq. (8) is the dephasing rate of
the NV spin. To solve Eq. (8), γ = 1 KHz and κ = 1
MHz are chosen. By individually tuning the driving fields
acting on the cavity and the NV spin, we can assume
∆NV = ω− in Eq. (6) and ∆
(1)
eff = ∆
(2)
eff in Eq. (8).
In Fig. (3), we plot the mean value of 〈a†−a−〉 and the
probability for the NV spin being in the excited state
with the time evolution, where the low-frequency HM is
initially prepared in the ground state |g〉 and the spin
is in its excited state |ms = −1〉 = |1〉 for the system
described by Eq. (6). For the system governed by Eq.
(7), we assume that the first NV spin is initially prepared
in the state |ms = 0〉 = |0〉 and the second one is in
the state |1〉, thus the initial state of the effective spin-
spin system is |0〉1|1〉2. The results in Fig. (3) reveal
that vacuum Rabi oscillation can occur in the effective
systems described by Eqs. (6) and (8), which shows that
quantum information exchange is not only allowed, but
also robust against the spin dephasing rate due to the
strong coupling.
Secondly, the weakly coupled electromechanical cavity-
spin hybrid setup also allows for probing the ac Stark
shift of the spin energy level induced by a single photon-
like excited in the low-frequency HM, i.e., Npl =
〈a†−a−〉 = 1. To obtain this, we consider the spin is
FIG. 3. (Color online) The mean photon-like number in the
low-frequency HM and the probability for the NV spin being
in the excited state versus the evolution time. λ+ = 2pi × 3.5
MHz in Eq. (6) and δ1 = δ = 2pi × 35 MHz in Eq. (7) are
chosen. γ = 1 KHz, and κ = 1 MHz are assumed in both
panels (a) and (b).
dispersively coupled to the low-frequency HM, where
ζ = λ+/δ  1. Under this condition, the Fro¨hlich-
Nakajima transformation is allowed for diagonalizing the
Hamiltonian (6), and the diagonalized Hamiltonian is
HAC = 1
2
(∆NV + λ+ζ + 2λ+ζa
†
−a−)σz + ω−a
†
−a−, (9)
where ζ = λ+/δ is the zero-point energy of the low-
frequency HM. Obviously, the frequency of the NV cen-
ter is shifted by the zero-point energy λ+ζ, and by the
low-frequency HM dependent Stark shift 2λ+ζNpl. At
the single photon-like level (Npl = 1 ), the Stark shift is
2λ+ζ. To estimate this Stark shift, we choose λ+ = 2pi×7
MHz, δ = 2pi × 70 MHz and κ = 1 MHz. These parame-
ters ensures the dispersive condition valid, and give rise
to 2λ+ζ ∼ 2pi × 1.4 MHz. As we claimed before, the
value of λ+ can be much larger with increasing ∆a/ω−,
so the Stark shift induced by the single photon-like can be
observed in our setup. Comparing with strong-coupling
cases [64, 65], our proposal grealty relaxes the difficul-
ties in experiments. Therefore, our proposal provides a
potential way to realize quantum information exchange
between two separated NV spins and probe the ac Stark
shift of the single NV spin induced by a single photon-like
in the hybrid weakly coupled electromechanical cavity-
5spin systems.
Conclusion—We have proposed an alternative path to
realize a strong tunable spin-spin coupling in a hybrid
quantum system consisting of an elecromechanical cavity
weakly coupled to the NV spins. By taking advantage of
the critical properties of the linearized electromechanical
system, the high-frequency HM is decoupled from the NV
spin, while the coupling between the low-frequency HM
and the NV spin is greatly enhanced. Using accessable
parameters, this coupling can enter the strong-coupling
regime. Thus, as Stark shift of the single NV spin induced
by the single photon-like in the low-frequency HM can be
resolved and the HM-mediated quantum information ex-
change can be realized. Our proposal may provide a way
to probe spin qubit states and performing complicated
HM-mediated quantum information processing with sin-
gle spin qubits in weakly coupled spin-cavity electrome-
chanical systems.
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